NiTi shape memory alloy (SMA) thin films were fabricated using biased target ion beam deposition (BTIBD), which is a new technique for fabricating submicrometer-thick SMA thin films, and the capacity to exhibit shape memory behavior was investigated. The thermally induced shape memory effect (SME) was studied using the wafer curvature method to report the stress-temperature response. The films exhibited the SME in a temperature range above room temperature and a narrow thermal hysteresis with respect to previous reports. To confirm the underlying phase transformation, in situ x-ray diffraction was carried out in the corresponding phase transformation temperature range. The B2 to R-phase martensitic transformation occurs, and the R-phase transformation is stable with respect to the expected conversion to the B19 0 martensite phase. The narrow hysteresis and stable R-phase are rationalized in terms of the unique properties of the BTIBD technique.
I. INTRODUCTION
Shape memory alloys (SMAs) in the form of thin films are attractive for planar integration into small-scale systems, as the work output per unit volume of SMAs is the highest among smart materials. [1] [2] [3] Conventional SMA functional films have been fabricated with thicknesses on the order of micrometers. Advancing SMA for nanotechnology requires high quality ultrathin (on the order of 10-100 nm) films by comparison. For example, a high quality film should have a smooth surface, and the reduction in roughness can result in a narrow hysteresis, which is necessary for fast actuation. 4 Biased target ion beam deposition (BTIBD) is a deposition technique that is capable of producing high-quality, ultrathin SMA films compared to conventional magnetron sputtered SMA thin films with thickness on the order of 1-10 lm. 5 BTIBD can readily control the energy of depositing atoms via a low-energy ion beam at ultralow pressures (down to 10 À4 Torr, in contrast to 10
À2
-10 À3 Torr in magnetron sputtering). The control of adatom mobility assists coalescence for film growth mechanism, 6 which facilitated a minimal thickness of unwanted interdiffusion interfaces 7 and an absence of columnar-void morphology 8 on submicrometer NiTi alloy thin films deposited by BTIBD. The films demonstrated a reproducible ultrasmooth surface-at least two times smoother (R q < 0.3 nm) than thin films (R q > 0.6 nm) by the magnetron sputtering-over a broad range of compositions 9 that even persisted after crystallization heat treatments. 7 Small hysteresis of shape memory alloy thin films are attractive, as the temperature window for actuation force and/or displacement will be small and facilitate a fast response. [10] [11] [12] One strategy for NiTi thin films to exhibit a small hysteresis is to use the B2 ! R-phase transformation instead of B2 ! B19 0 , as the martensitic phase transformation from B2 austenite to R-phase exhibits a smaller lattice distortion ($1%) than B2 ! B19 0 ($10%). 10, 13 The R-phase transformation is attractive for practical application because it can exhibit high fatigue life (up to 0.5 Â 10 6 cycles) under 62 MPa load for bulk materials.
14 Furthermore, the R-phase transformation temperatures are stable over many thermal cycles.
14 In this work, we leverage BTIBD, a novel film fabrication, for producing submicrometer NiTi thin film with a stable B2 ! R-phase transformation that exhibits a tiny thermal hysteresis. The deposition parameters are consistent with our previous work [7] [8] [9] and are detailed in Sec. II.
II. EXPERIMENT
Ti-50.3 at. % Ni thin films with $800 nm thickness were prepared on silicon substrates by cosputtering Ti target and Ni target in a BTIBD system (4Wave Cluster Sputter, 4Wave, Inc.) located at the Nanofabrication Laboratory of The Pennsylvania State University. A seasoning procedure was conducted for 600 s with the same deposition parameters as in actual depositions. During actual depositions, the processing pressure was 6.16 Â 10 À4 Torr. The discharge voltage in ion source was 36.4 V and the discharge current was 7.5 A. The Ar flow rate in ion source was 60 sccm and in hollow cathode was 10 sccm. The Ni target and Ti target were biased with À805 V. The ratio of pulse width to pulse period in Ti target was 100/100 while the ratio in Ni target was 68/100, which generated a composition of Ti-50.3 at. % Ni according to the correspondence of power ratio to film composition calibrated in our previous work. 9 The rotation speed of the substrate was 20 rpm. The substrates were 1-in. square coupons cut from the same 6-in. (100) silicon wafers, and thus, in one deposition, multiple thin films were deposited using the same conditions. Near-equiatomic compositions were produced so that the films would undergo the martensitic phase transformation above room temperature. 15 The 800 nm thickness was achieved using a $0.67 Å /s deposition rate for a deposition time of 1200 s. An ex situ (i.e., postdeposition) heat treatment was conducted in order to a) Electronic mail: rfhamilton@psu.edu crystallize the as-deposited films. As-deposited NiTi thin films are typically amorphous and require heat treatments for crystallization. Based on reported values 16, 17 and our previous work, 8, 9 a two-step heat treatment that used 600 C, 10 min followed by 450 C, 10 min was carried out using rapid thermal annealing (Allwin21 Corp.) at 20 C/s ramp rate. The transformation temperatures and atomic crystal structure were characterized during temperature cycling. Phase transformation temperatures were determined from the evolution of film stress based on substrate radius of curvature measurements as a function of temperature 18 in a Flexus (FLX-2320, Tencor Instruments) system. The temperature was cycled between 28 and 90 C. The heating rate was exactly 1 C/min, and cooling from 90 to 28 C took about 2.5 h. At each temperature, film stress was determined using the well-known Stoney's equation. 19 Film stress versus temperature curves were plotted, and transformation temperatures were identified using the tangent method (see supplementary material for the identification). 46 To examine the crystal structure at room temperature, grazing incidence x-ray diffraction (XRD) was conducted in an X'Pert MPD, PANalytical instrument with a Cu Ka1 x-ray source (kKa1 ¼ 1.5406 Å ) and acceleration voltage 45 kV, current 40 mA, with the scan range of 20 -80 .
Step size was 0.026 with holding time of 0.5 s for each scan step. To characterize structural transformation, temperaturedependent x-ray diffraction measurements were performed in Bragg Brentano configuration (theta/2theta). Phases present were identified based on peaks in XRD spectra using software Jade 2010 (Materials Data, Inc.) with Card No. 01-082-3083 for B2 phase and 01-078-4620 for R-phase. Figure 1 shows film stress as a function of temperature. Film stress increases from 543 to 585 MPa as temperature increases from 50 to 65 C. The increasing stress reflects that the phase transformation occurs in the NiTi alloy thin films. During temperature cycling, the start and finish temperatures of the transformation from product to parent and vice versa are identified using the tangent lines method. 20 The start and finish temperatures during heating are 51 and 66 C, respectively. The start and finish temperatures during cooling are 62 and 49 C. The thermal hysteresis equals 66 minus 62 C and is thus 4 C. From room temperature to $50 C, and from $65 to 90 C, film stress decreases linearly. The negative slope can be attributed to differential coefficients of thermal expansion in thin film versus substrate, and the slope is proportional to the difference in their coefficients of thermal expansion. 21 The stress associated with phase transformation dominates and can be much larger (>4 times) than the thermal stress due to thermal expansion; 22 hence, the slope during phase transformation is positive.
III. RESULTS AND DISCUSSION
The room-temperature XRD for the BTIBD NiTi film is shown in Fig. 2 . A major peak (300) is identified at room temperature which corresponds to the R-phase. The inset in Fig. 2 focuses on the evolution of the major peak with increasing temperature. The peak shifts to lower two-theta angles as the temperature increases to 57 C. From 25 to 30 C (before transformation starts at 51 C), the gradual change in the peak position is due to the thermal expansion of lattice. At 54 and 57 C, the phase transformation proceeds to a certain volume fraction, and thus, there is a mixture of R-phase and B2 austenite. The volume fraction of B2 grows as the temperature increases to 66 C (as in Fig. 1) . At 80 C, the major peak is (110) at two-theta ¼ 42.532 , which corresponds to the B2 phase.
Of note is the shape memory effect of the R-phase transformation is repeatable. The fourth heating-cooling curve is superposed to the first curve in Fig. 1 . The curves overlap and the thermal hysteresis (4 C) remains narrow for the fourth curve. A major peak (11-2) at two-theta ¼ 42.286 that typically appears when thermal cycling without external stress 23, 24 is absent in the spectra presented in Fig. 2 . A recent study on multilayered (TiNi)/(W) thin films pointed out the influence of residual stress and showed the presence of only the (300) major peak for the R-phase. 24 We expect that the presence of residual stress, up to 558 MPa in the asdeposited thin film (as in Fig. 1 ), can orient R-phase along the preferred direction. The preferential orientation will likely lead to the disappearance of the peak (11-2). It is well known that the R-phase is metastable in the martensitic transformation of NiTi alloys; herein, we suspect that R-phase becomes stable due to the residual stress and the preferential orientation. The spectra in Fig. 2 exposed that the Ti 2 Ni second phase exists, which may introduce a local stress field that acts to stabilize the R-phase. 13, 25 Figure 3 summarizes the reported thermal hysteresis of NiTi alloy thin films. 22, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] The summary incorporates the hysteresis accompanying both the transformation from The first heating-cooling cycle has solid markers while the fourth has empty symbols. At low temperature, the thin film exhibits the martensitic product structure (R-phase confirmed by XRD as seen in Fig. 2 ), and at high temperature, it exhibits the austenitic parent structure (B2 confirmed by XRD as seen in Fig. 2 ).
austenite to B19 0 martensite and the transformation from austenite to R-phase. From Fig. 3 , the BTIBD NiTi film exhibits the smallest thermal hysteresis. Considering only the R-phase transformation, the hysteresis for the BTIBD film is still smaller than for conventional sputtered films by, at least, a factor of 2, and thus can be referred to as ultrasmall. Of note is that methods of electrical resistivity, 40 differential scanning calorimetry, 41 or constant load thermal cycling 42 have been used to determine thermal hysteresis. However, for comparison consistency, the results in Fig. 3 are selectively constrained to phase transformations determined using the substrate curvature method due to sensitivity in different techniques and due to small hysteresis involved here. Moreover, alloy system is limited to binary NiTi films [not ternary NiTiNb (Ref. 43) or NiTiCu (Refs. 40 and 42)] deposited onto various substrates.
The enhanced adatom mobility afforded in BTIBD plays an important role in the film growth mode and properties of thin films. The low energy ion beam and ultralow processing pressure, both of which are unique to BTIBD, promote the mobility of the depositing atoms by such mechanisms as forward sputtering, breakup of three-dimensional nuclei, and ion-enhanced surface mobility. 6 The improved adatom mobility has been shown to lead to ultrasmooth surface on FIG. 3 . (Color online) Plot of thermal hysteresis vs film thickness for data extracted from literature. Thermal hystereses are exclusively determined using the substrate curvature method. Listed on the left of the plot for each reference, the composition is followed by the substrate, and subsequently by the reference number. The square symbols represent the transformation between austenite and B19 0 martensite while the circular markers are for the transformation between austenite and R-phase.
FIG. 2. (Color online) X-ray diffraction spectra with scan range of 20
-80 of the NiTi alloy thin film at room temperature showing that the martensitic product exhibits the R-phase crystal structure. Note that the (11-2) R peak is marked, which is expected when thermal cycling without stress. The inset shows a series of x-ray diffraction spectra with scan range of 41 -44 as temperature increases. The test temperatures, 25, 30, 54, 57, and 80 C are chosen before, during, and after phase transformation based on Fig. 1 .
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NiTi thin films, 9 without a columnar-void surface morphology in a previous work. 8 (See supplementary material for representative surface morphology.) A micrometer shape memory alloy material with a rougher surface was reported to exhibit a larger stress hysteresis. 4 In Ref. 4 , free surface was considered a source of obstacles or "pinning points" so that austenite-martensite transformation interfaces bypassed the surface obstacles and energy was dissipated. Thus, the smaller stress hysteresis was rationalized for the material with the smoother surface. In our work, similarly, the ultrasmall thermal hysteresis in Fig. 3 for the NiTi films prepared by BTIBD can be attributed to the ultrasmooth surface curtailing the energy dissipation mechanism postulated in Ref. 4 .
A minimized film/substrate interdiffusion layer was previously revealed in BTIBD NiTi alloy thin films, 7 which, in addition to the smooth surface, can promote the ultrasmall hysteresis. For submicrometer films fabricated by BTIBD, we found the ratio of the diffusion-layer-thickness to filmthickness was the lowest compared to other works on submicrometer thick films deposited on Si-based substrates. 7 Furthermore, we envision that a boundary layer should exist near the free surface of thin films due to surface energy. The surface tension was related to surface roughness, 6, 8 and smoother surfaces should have less surface energy. It is reasonable to postulate that the thickness of the surfaceboundary-layer can scale with surface roughness so that a smoother surface leads to a smaller ratio of surface-boundary-layer-thickness to film-thickness. Due to the interdiffusion and surface-boundary layers, a gradient in the frictional energy dissipation can exist, which may enlarge energy dissipation for the material undergoing the phase transformation and augment the hysteresis size. 44 Frictional energy-a dissipative contribution to the thermal hysteresis-represents the energy used to overcome the inherent lattice resistance to the phase transformation. 44, 45 For BTIBD films, however, the observed smaller ratio of the diffusion-layer-thickness to film-thickness and the assumed smaller ratio of surfaceboundary-layer-thickness to film-thickness will minimize a gradient. As a result, BTIBD thin films are expected to inherently exhibit the narrow hysteresis.
IV. SUMMARY AND CONCLUSIONS
In summary, this work demonstrates the thermally induced shape memory behavior in BTIBD films with thicknesses on the order of 100 nm. The shape memory effect is revealed by wafer curvature method, and the stresstemperature response shows the transformation temperature range of about 45 to 70 C. The submicrometer NiTi alloy thin films exhibited a small thermal hysteresis and a transformation between R-phase and B2 austenite. The attendant hysteresis is ultrasmall compared to the reported values in sputtered films, which is promoted by inherent deposition mechanism in BTIBD. The respective start and finish temperatures from R-phase to B2 are 51 and 66 C, while from B2 to R-phase are 62 and 49 C. The thermal hysteresis is 4 C in BTIBD films and is smaller than typical values (10 C) for films with comparable thicknesses. The stable shape memory effect in submicrometer NiTi thin films brings about the possibility of utilizing the R-phase transformation at scales smaller than currently available for NiTi alloys. This work builds upon our previous work, which demonstrated the capability of BTIBD as a novel technique to prepare high quality submicrometer thin films. It is worth mentioning that using BTIBD should maximize the volume fraction of the thin film that undergoes the martensitic phase transformation-as the interdiffusion and surface layer thicknesses will make up an inconsequential fraction of the film thickness-which can enhance the shape memory response. Future work is ongoing to substantiate the martensitic phase transformation morphology along with shape memory strains.
